The putative biological effects of the toxic organic pollutants polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and the dioxin-like polychlorinated biphenyls (DLPCBs) in the sediments of Masan Bay, Korea, on the gonad of Limanda yokohamae were investigated using proteomic and bioinformatic analyses. The results demonstrated that 11 protein spots from the bay site, Duckdong, were statistically different from the reference site Gaduck Island. We identified 20 proteins from the 11 altered protein spots and these were found to be involved in multi-cellular functions as previously demonstrated in a variety of species. The concentrations of toxic equivalents of PCDD/Fs and DLPCBs in the sediments of Masan Bay were approximately twenty six-fold higher than those from Gaduck Island. These findings indicate that the organic contaminants in the sediments of Masan Bay may have contributed to the change in the phenotypes of fish gonads.
Introduction
Masan Bay is located on the south coast of Korea and is a semi-enclosed bay with a slower water exchange and is heavily contaminated due to the increasing industrial development and population over the past few decades. Many studies concerning the characteristics of the endocrine disrupting chemicals (EDCs), such as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs), and trace metals were conducted on the sediments of the bay (Khim et al. 1999; Im et al. 2002; Hong et al. 2003; Yim et al. 2005; Hyun et al. 2007; Kannan et al. 2007; Moon et al. 2007 .
Due to the liphophilic and hydrophobic characteristics of the organic pollutants, they prefer to adhere to the sediment particles and thus affect the physiology of marine organisms via the food chain. Previous studies demonstrated that PCDD/Fs and PCBs cause reproductive toxicity, immunotoxicity, or neurotoxicity via aryl hydrocarbon receptor-signaling cascades in organism ranging from invertebrates to mammals (Kerkvliet 1995; Grassman et al. 1998; Huang et al. 2000; Petroff et al. 2001; Kakeyama & Tohyama 2003; Fox 2005; Mandal 2005) . The majority of studies regarding the toxicological risk of dioxin-like compounds involve the analysis of organic pollutants and in vitro toxicity assays using physiological markers, such as the cytochrome P450 family in seabream (Ortiz-Delgado et al. 2005) , zebrafish embryos (Andreasen et al. 2002) , and mouse heap-1 cells (Rivera et al. 2002) .
Mixtures of organic pollutants could induce toxicitycaused dysfunction, which in turn may affect the phenotypes of marine organisms, although there is no supporting evidence for this hypothesis currently available. Recently, transcriptomics and genomics have been applied to assess the biological effect of toxicants on fish, which provides a more comprehensive assessment against pollutants (Waring et al. 2001; Williams et al. 2006 Williams et al. , 2007 . Thus, the characterization of altered proteins in marine organisms using proteomic analysis may further develop our understanding of the toxicological risk in environments that are contaminated, like Masan Bay. Although protein information pertaining to marine organisms remains to be developed, proteomics can still be employed as a powerful tool in evaluating the biological effects of organic pollutants in marine environments. In this study, altered proteins were identified in the gonad of fish living in the sediments of Masan Bay, Korea. Marbled sole, Limanda yokohamae (Günther, 1877) was used in this study because the flat fish is a resident species of the bay.
Material and methods

Fish sample collection and preparation
The female Limanda yokohamae was collected from Duckdong in Masan Bay and Gaduck Island, which is served as a reference site during the period from April to June 2006, as depicted in Fig. 1 . The basic biological features of flat fish from the two sites (n = 7 per site) were shown in Table 1. One-way ANOVA using GraphPad Prism 4 (GraphPad Software Incorporation, CA, USA) for the biological features revealed that there was no statistical difference between the two sites. The gonad of L. yokohamae was immediately isolated, dissected and frozen in liquid nitrogen and then stored at -70
• C until used. The gonad samples were homogenized in lysis buffer containing 7 M urea (Sigma-Aldrich, MO, USA), 2 M thiourea (Sigma-Aldrich), 4% (w/v) (3-cho) amidoprophy-dimethy-ammon-1 proponesulfonate (CHAPS) (USB, OH, USA), 0.5% (v/v) Pharmalyte pH 3-10 (Amersham Biosciences, Uppsala, Sweden), 100 mM dithiothreitol (DTT) (Amersham Biosciences), and 1.5 mg mL −1 complete Protease Inhibitor Cocktail (SigmaAldrich), then incubated for 1 h at 4
• C with mild shaking. The lysate was then centrifuged at 13,000 rpm for 30 min and the supernatant was transferred to a fresh centrifugation tube. Protein concentration was determined by using a Bio-Rad protein assay kit (Bio-Rad Laboratories, CA, USA) and samples were stored in aliquots at -80
Two-dimensional electrophoresis (2-DE)
Eighteen cm Immobiline Dry Strips (Amersham Biosciences), pH 3-10, were rehydrated with DeStreak Rehydration Solution (Amersham Biosciences) and 0.5% IPG buffer (Amersham Biosciences) for 12 h at room temperature. The rehydrated strips were transferred to Ettan IPGphor System (Amersham Biosciences) and positioned in sample cups with 500 μg of protein sample. Isoelectric focusing (IEF) was carried out using the Step and Hold mode at 500 V for 1 h, Gradient mode at 1,000 V for 1 h, Gradient mode at 8,000 V at 1 h and Step and Hold mode at 8,000 V for 3 h for a total of 38,000 Vh. The focused strips were equilibrated with sodium dodecyl sulfate (SDS) equilibration solution [6 M urea, 30% (v/v) with the addition of DTT and idoacetamide (Amersham Biosciences). The equilibrated strips were placed on the top of 12.5% SDS-polyacrylamide gels (SDS-PAGE) and sealed with 0.5% (w/v) agarose (Promega Bioscience, WI, USA). SDS-PAGE was separated using the Ettan Dalt six system (Amersham Biosciences). For visualization, the separated gels were incubated overnight in fixing solution (45% methanol and 5% phosphoric acid) and stained with staining solution [0.1% (w/v) coomassie brilliant blue G250 (Bio-Rad Laboratories), 17% (w/v) ammonium sulfate, 3.6% phosphoric acid, and 34% methanol] for 1 day. Over-dyed gels were destained in washing solution (1% acetic acid and 15% methanol).
Analysis of 2-DE gel images
The stained gels were scanned using an ImageMaster Scanner (Amersham Biosciences) and then analyzed with ImageMaster 2D Platinum 6.0 software (GE healthcare, NJ, USA) for spot detection, quantitation, and automatic or manual matching. Protein spot abundance (volume) was determined as the spot area multiplied by the density. Background was removed and the spot volume was normalized to the total protein detected on each gel. A 100% decrease or 100% increase in protein abundance was taken as showing a difference between two groups: Gaduck Island and Duckdong. The difference was analyzed with the student's t-test in which P < 0.05 was considered the level of statistical significance.
In-gel digestion of proteins
The protein spots of interest were excised and digested ingel with sequencing grade, modified trypsin (Promega) as previously described (Bahk et al. 2004 ). In brief, each protein spot was excised from the gel, placed in a polypropylene tube and washed 4-5 times (until the gel was clear) with 150 μL of 1:1 acetonitrile/25 mM ammonium bicarbonate (pH 7.8). The gel slices were dried in a Speedvac concentrator and then rehydrated in 30 μL of 25 μM ammonium bicarbonate containing 20 ng of trypsin. After incubation at 37 
Identification of proteins by liquid chromatography-tandem mass spectrometry
The resulting tryptic peptides were separated and analyzed using reversed phase capillary HPLC directly coupled to a Finnigan LCQ ion trap tandem mass spectrometer (LC-MS/MS). Both a 0.1 × 20 mm trapping and a 0.075 × 130 mm resolving column were packed with Vydac 218 MS low trifluoroactic acid C18 beads (5 μm in size, 300Å in pore size; Vydac, Hesperia, CA, USA) and placed in-line. The peptides were then bound to the trapping column for 10 min at with 5% (v/v) aqueous acetonitrile containing 0.1% (v/v) formic acid. The bound peptides were then eluted with a 50 min gradient of 5-80% (v/v) acetonitrile containing 0.1% (v/v) formic acid at a flow rate of 0.2 μL/min. For tandem mass spectrometry, a full mass scan range mode was m/z = 450-2000 Da. After determination of the charge states of an ion on zoom scans, product ion spectra were acquired in MS/MS mode with relative collision energy of 55%. The individual spectra from MS/MS were processed using the TurboSEQUEST software (Thermo Quest, San Jose, CA, USA). The generated peak list files were used to query either MSDB database or NCBI using the MASCOT program (http://www.matrixscience.com). Modifications of methionine and cysteine, peptide mass tolerance at 2 Da, MS/MS ion mass tolerance at 0.8 Da, allowance of missed cleavage at 2, and charge states (+1, +2, and +3) were taken into account. Only significant hits as defined by MASCOT probability analysis were initially considered.
Sediment sample collection and preparation Surface sediments at the depth of 0-4 cm were sampled at 6 locations, as shown in Fig. 1 (M1-M6; GD1-GD3), using a box-corer deployed from a research vessel. For the analyses of PCDD/Fs and DLPCBs, the collected sediments were wrapped in aluminum foil immediately frozen, and transported to the laboratory where they were kept in a freezer at -20
• C until further analysis. The marine sediments were freeze-dried and passed through a 2 mm mesh net to remove large particles and benthic organisms. The analysis of PCDD/Fs and DLPCBs in the sediments was conducted by the methods described previously with some modifications . Briefly, for the analysis of the chemicals, the sediment samples (20 g) were extracted in a Soxhlet apparatus using 200 mL of 10% acetone (ultra residue analysis; J.T. Baker, NJ, USA) for 24 h. Prior to the extraction, surrogate internal standards for PCDD/Fs (EPA-1613LCS; Wellington Laboratories, ON, Canada) and DLPCBs (WP-LCS; Wellington Laboratories) were spiked into the samples. The extracts for PCDD/Fs analysis were cleaned by passing them through a multi-layer silica gel column (neutral, 70-230 mesh, Merck, Darmstadt, Germany) using successive elutions with 150 mL of hexane (dioxin analysis grade; Wako, Tokyo, Japan). The eluted fractions were purified on an activated alumina column (neutral, 70-230 mesh, Merck) using successive portions of 3% methylene chloride (dioxin analysis grade; Wako) in hexane and 50% methylene chloride in hexane. The second fraction was used for the analysis of the PCDD/Fs. The purification of DLPCBs was performed using the same multi-layer silica gel column that was used for the purification of the PCDD/Fs.
Instrumental analysis
The detailed descriptions of instrumental analyses have been presented elsewhere . Briefly, the identification and quantification of the PCDD/Fs and DLPCBs were carried out using a high-resolution gas chromatograph and high-resolution mass spectrometer (HRGC/HRMS; JMS 700D; JEOL, Tokyo, Japan). Analyses were based on the relative response factors of individual congeners. The HRMS was operated in electron ionization mode and ions were monitored by selected ion monitoring. The following capillary columns were used: a SP-2331 column (60 m length, 0.25 mm inner diameter, 0.25 μm film thickness; Supelco, Bellefonte, PA, USA) for the separation of tetra-to hexa-CDD/Fs and a DB5-MS column (60 m length, 0.25 mm inner diameter, 0.25 μm film thickness; J&W Scientific, CA, USA) for hepta-and octa-CDD/Fs. DLPCBs were analyzed using a HT-8 capillary column (50 m length, 0.22 mm inner diameter, 0.25 μm film thickness; SGE, Ringwood, VIC, Australia).
Quality assurance and quality control All of the labelled internal standards were detected with no interferences. Solvents injected before and after calibration of a standard curve showed negligible contamination or carryover. Procedural blanks (n = 3) were processed in the same way as the samples. Blanks did not contain quantifiable amounts of the target compounds. The limit of detection was calculated as three times the signal-to-noise ratio which ranged from 0.008 to 0.04 pg World Health Organization-toxic equivalent (WHO-TEQ)/g dry weights for PCDD/Fs and from 0.04 to 0.08 pg WHO-TEQ/g dry weights for DLPCBs. In order to assess the accuracy of measurements obtained using the experimental procedures and instrument conditions, certified sediment materials for PCDD/Fs (DX-2, NWRI, Wellington Laboratories Inc) and DLPCBs (DX-3, NWRI, Wellington Laboratories Inc) were analyzed. Recovery of PCDD/Fs and DLPCBs were 87 ± Fig. 2 . The 2-DE gel images of the gonad from Limanda yokohamae collected at Gaduck Island (A) and Duckdong (B) of Masan Bay, Korea. The numbered protein spots were enlarged in a separate panel. The total proteins (500 μg) extracted from the gonad of L. yokohamae were separated on pH 3-10 IPG strips, electrophoresis using a 12.5% SDS-PAGE gel and stained with colloidal coomassie blue G250. The numbered protein spots on the gel were identified using LC-MS/MS analysis.
17%, 92 ± 17%, respectively. The concentrations of toxic equivalents (TEQs) for PCDD/Fs and DLPCBs were given using WHO-toxic equivalency factors (WHO-TEF) (Van den Berg et al. 1998).
Results and discussion
The putative biological effects of PCDD/Fs and DLPCBs detected in the sediments of Masan Bay, Korea, on the gonad of the flat fish Limanda yokohamae were investigated by proteomic analysis followed by bioinformatics. The results of this study demonstrated that approximately 600 protein spots were detected on 2-DE gel (Data not shown). A total of 11 protein spots from samples collected from Duckdong (Masan Bay) were statistically different from those of the reference site samples of Gaduck Island, as shown in Fig. 2 and Table 2 . The expression patterns of these 11 protein spots were similar to each other in that 9 protein spots were upregulated, while 2 protein spots were downregulated. This suggests that the environment of the bay Table 3 . Taken together, these data suggest that the environmental condition of Masan Bay has profound effects on the expression of proteins responsible for cell survival in marine organisms. Since many proteins were altered in samples acquired from the bay, the concentrations of PCDD/Fs and DLPCBs as representative toxic organic pollutants were compared to the reference site in order to see if increases in the chemicals parallel the altered proteins in the flat fish gonad. The total TEQs of PCDD/Fs and DLPCBs in Masan Bay (M1-M3) and the reference site Gaduck Island (GD1-GD3) were with the ranges of 20.0-44.7 and 1.0-1.5 pg g −1 dry weights, respectively (Table 4 ). These data suggest that sediments in Masan Bay are severely contaminated with PCDD/Fs and DLPCBs when compared with samples from Gaduck Island, as demonstrated previously . The fact that parallel increases in the levels of sedimentary chemicals and altered proteins suggest that the status of Masan Bay may have the capability to cause changes in gene expression of proteins responsible for maintaining cellular physiology within the fish gonad. This notion is supported by the findings that a number of chemicals including EDCs in the environment disrupt a variety of reproductive processes in fish (Jobling et al. 1998; Goksoyr 2006) . Previous findings also demonstrate that there is a positive correlation between trophic levels and the accumulation of PCDDs/DFs in fish of Masan Bay (Im et al. 2002 (Im et al. , 2004 and that the concentrations of PCDD/Fs and DLPCBs in the sediments of the Bay are enough to affect the benthic community in the aquatic ecosystem . However, our data do not exclude the possibility that any untested chemicals such as PAHs, nonylphenols, PBDEs, or trace metals present in Masan Bay may contribute to these changes.
In conclusion, the biological effects of organic pollutants in the sediments from Masan Bay, Korea, on the gonads of L. yokohamae were investigated by identifying altered proteins using proteomic and bioinformatics analyses. The identified proteins are found to be involved in multi-cellular functions, as demonstrated in a variety of fish species. The total TEQs of PCDD/Fs and DLPCBs in the sediments of the bay are extremely higher than those of the control site, Gaduck Island. These data may indicate that the high concentrations of these chemicals in Masan Bay could have profound effects on the phenotypes of fish gonads. Explanations: nd represents "not detected".
